Both a complex regulatory cascade involving the FlgSR two-component system and phase variation control expression of s
Introduction
Flagellar motility of Campylobacter jejuni is required for optimal interactions with both human and animal hosts. Infection of the human intestinal tract by C. jejuni can lead to gastroenteritis with symptoms ranging from a mild, watery diarrhoea to a severe, bloody diarrhoeal syndrome (Blaser and Reller, 1981; Skirrow and Blaser, 2000) . Infection of the gastrointestinal tracts of many animals other than non-human primates by C. jejuni, however, results in a harmless, commensal colonization (Lindblom et al., 1986; Pokamunski et al., 1986; Beery et al., 1988) . One proven virulence and colonization factor necessary for interaction with both humans and animals is flagellar motility. In a human volunteer study, non-motile, non-flagellated phase variants of C. jejuni were unable to compete with a wild-type, motile strain during in vivo growth (Black et al., 1988) . Similarly, flagellar motility of C. jejuni is required for wild-type levels of colonization of the chick caecum in a natural poultry model of infection (Nachamkin et al., 1993; Wassenaar et al., 1993; Hendrixson and DiRita, 2004; Wosten et al., 2004; Hendrixson, 2006) . Thus, production of flagella and motility of C. jejuni are required to promote associations with the intestinal mucosal surfaces of hosts.
Biosynthesis of a single flagellum at one or both poles of C. jejuni requires coordinating expression of more than 40 flagellar genes and the proper ordering of sequential interactions of the encoded proteins (Hendrixson, 2008) . Previous studies have determined that the alternative s factors, s 28 and s
54
, are required for expression of many flagellar genes (Hendrixson et al., 2001; Jagannathan et al., 2001; Hendrixson and DiRita, 2003; Carrillo et al., 2004; Wosten et al., 2004) . s 28 is involved in expression of flaA, encoding the major flagellin that comprises a large proportion of the flagellar filament. s 54 is hypothesized to be required for expression of almost all genes that encode components of the flagellar basal body, rod and hook. Indeed, expression of flgDE2, encoding hook-associated proteins, and flaB, encoding a minor flagellin, have been experimentally shown to be s 54 -dependent, whereas other proposed s
-dependent promoters remain to be investigated (Hendrixson et al., 2001; Hendrixson and DiRita, 2003; Wosten et al., 2004) .
To activate expression of members of its regulon in C. jejuni, s 54 requires the FlgSR two-component system, the putative GTP-binding protein FlhF, and components of the flagellar export apparatus, a secretion system that exports many flagellar proteins located beyond the cytoplasmic membrane (Hendrixson and DiRita, 2003) . The FlgS histidine kinase is hypothesized to sense an as yet uncharacterized signal to begin a phosphorelay event terminating in activation of the FlgR s 54 -dependent response regulator. In support of this hypothesis, in vitro analysis has shown that FlgR is phosphorylated upon the addition of FlgS (Wosten et al., 2004; Joslin and Hendrixson, 2008) . Genetic expression analyses indicate that phosphorylation of FlgR activates the transcriptional regulator, presumably allowing for a productive interaction with the s 54 -RNA polymerase holoenzyme complex at target promoters for specific flagellar genes (Wosten et al., 2004; Joslin and Hendrixson, 2008) . FlgR is kept inactive in the absence of phosphorelay mediated by FlgS by the N-terminal input and C-terminal domains of the protein. Deletion of either domain of FlgR results in a partially constitutively active protein capable of activating expression of s 54 -dependent flagellar genes in the absence of FlgS (Joslin and Hendrixson, 2008) . How factors such as FlhF and components of the flagellar export apparatus (including FlhA, FlhB, FliP and FliR) contribute to influencing the FlgSR system or s 54 to stimulate expression of flagellar genes is currently unclear.
Flagellar biosynthesis and gene expression in C. jejuni are also controlled by phase-variable mechanisms (Caldwell et al., 1985; Nuijten et al., 1989; Hendrixson, 2006) . Phase variation occurs through random, reversible mutations that switch on and off expression of specific genes or translation of encoded proteins (van der Woude and Baumler, 2004) . Causative mutations usually occur within a homopolymeric nucleotide tract or a repetitive heteropolymeric unit in the promoter or coding sequence of a gene. A recent study revealed that production of FlgR can undergo phase variation to affect expression of s 54 -dependent flagellar genes (Hendrixson, 2006) . Specific mutations occur within two different homopolymeric poly A or poly T tracts of flgR. Spontaneous loss of a nucleotide within the tracts shifts the coding sequence of the gene out-of-frame to prematurely terminate translation of FlgR. Reversion of the non-motile, non-flagellated flgR phase 'off' state to the motile, flagellated flgR phase 'on' state occurs in vivo during commensal colonization of the intestinal tracts of chicks, a natural host for C. jejuni, to provide a colonization advantage for the phase 'on' revertants. Mutational mechanisms to restore FlgR production involve either correct insertion of the proper nucleotide in the homopolymeric tract originally affected in the phase 'off' variants or by a second-site intragenic reversion via an insertion of a nucleotide near the site of the original lesion that restored the flgR coding sequence with minimal, harmless amino acid substitutions in FlgR (Hendrixson, 2006) . Even though this study identified FlgR production as a major phase-variable phenomenon controlling expression of s 54 -dependent flagellar genes, other variants with wild-type flgR sequences were identified. Thus, other genes of C. jejuni required for flagellar gene expression may be controlled by phase variation.
In the present study, additional spontaneous mutants defective for expression of s 54 -dependent flagellar genes were identified and analysed to determine alternative targets for phase variation or other random mutational mechanisms that ultimately influence flagellar motility. This work revealed that production of the FlgS histidine kinase is also subject to random mutation owing to either loss of a single nucleotide within one of two poly A tracts or the loss of a single heteropolymeric repeat within the coding sequence of flgS. These variants were able to revert during in vivo growth in chicks and in in vitro motility assays to restore flagellar motility and expression of s 54 -dependent flagellar genes. The mechanisms of reversion uncovered in these revertants revealed diverse intragenic and extragenic mutational events relative to flgS that restored expression of s 54 -dependent flagellar genes, flagellar biosynthesis and motility. Intragenic mutational events included a typical phase-variable mechanism in addition to second-site intragenic reversion, and insertion or deletion of DNA segments to restore production of FlgS. Extragenic mutational events were found to occur at a specific nucleotide within flgR to translate a protein able to activate flagellar gene expression in a FlgSindependent manner. This study demonstrates that multiple mutational strategies allow C. jejuni to overcome genetic lesions that impair expression of an important virulence and colonization factor such as flagellar motility. Considering that C. jejuni naturally lacks a mismatch repair system, this study provides an example of the challenges of C. jejuni encounters to maintain and restore production of virulence factors in the presence of a hypermutator phenotype.
Results

Isolation and analysis of non-motile variants unaffected for FlgR production
Production of the FlgR response regulator required for activation of expression of s 54 -dependent flagellar genes is controlled by a phase-variable mechanism targeting two homopolymeric nucleotide tracts within flgR (Hendrixson, 2006) . In the course of this work, other non-motile variants that failed to express s 54 -dependent flagellar genes, but still produced wild-type FlgR were identified. Discovery of these variants suggested that other genes required for expression of s
54
-dependent flagellar genes may also be subject to phase variation or other random mutational mechanisms.
To expand the repertoire of variants of C. jejuni defective for flagellar gene expression, spontaneous mutants of DRH665 (81-176 Sm R DastA flaB::astA) were identified. DRH665 is a streptomycin-resistant derivative of C. jejuni 81-176 with an in-frame deletion of the native copy of astA, encoding arylsulfatase, and a transcriptional fusion of a promoterless copy of astA to flaB on the chromosome (Hendrixson and DiRita, 2003) . Expression of astA is solely driven from the s 54 -dependent flaB promoter. flaB encodes a non-essential minor flagellin; mutants lacking flaB produce flagella and are motile, similar to wild-type strains (Guerry et al., 1991; Wassenaar et al., 1991) . Thus, DRH665 is a flagellated, motile strain that produces arylsulfatase from the flaB promoter. On Mueller-Hinton (MH) agar containing 5-bromo-4-chloro-3-indolyl sulphate (X-S; a chromogenic substrate for arylsulfatase), DRH665 produces a blue colony phenotype in contrast to a white colony phenotype of an isogenic flgR mutant (Hendrixson and DiRita, 2003) . To identify spontaneous variants of DRH665 lacking expression of s 54 -dependent flagellar genes, dilutions of freshly grown DRH665 were spread on MH agar containing X-S in two separate experiments. The spontaneous white colony phenotype was found at a rate of 1.97 ¥ 10 -5 -1.92 ¥ 10 -6 mutants per colonyforming units (cfu) of the total population with three different variants identified (DRH665 5W2, DRH665 5W6 and DRH665 10W1). In comparison with the wild-type parental DRH665 strain, the variants were reduced more than 650-fold for production of arylsulfatase from the flaB::astA transcriptional fusion (Table 1) . The variants were also non-motile and did not produce flagella in contrast to wild-type DRH665 ( Fig. 1A and E) . Further analysis revealed that all variants produced wild-type levels of FlgR and possessed wild-type flgR sequences ( Fig. 2 ; data not shown). Thus, these mutants acquired at least one mutation in a gene other than flgR to negatively affect expression of s 54 -dependent flagellar genes and flagellar motility.
Experiments were then employed to determine if these spontaneous variants could randomly and reversibly switch back to the flagellated, motile state. In vitro reversion assays were performed by stabbing individual colonies of non-motile variants in motility agar and then isolating motile revertants over time. After 3-7 days, 46-83% of stabs gave rise to spontaneous motile flares originating from the point of inoculation (data not shown). Bacteria from the flares were recovered and examined for flagellar gene expression, motility and biosynthesis. Seven different revertants were isolated from DRH665 5W2. Each of these revertants, represented by DRH665 5W2 rev1 and rev5, were restored to wild-type levels of expression of the flaB::astA transcriptional fusion (Table 1) , motility ( Fig. 1B ) and flagellar biosynthesis (Fig. 1E) . Similarly, six revertants were isolated for DRH665 5W6 (rev3, rev4, rev5, rev7A, rev7B and rev8) and two revertants were isolated for DRH665 10W1 (DRH665 10W1 rev3 and rev4). These revertants were also restored for expression of flaB::astA (Table 1) , motility ( Fig. 1C and D ) and flagellar biosynthesis (Fig. 1E) . Thus, these variants were able to reversibly switch to restore expression of s 54 -dependent flagellar genes, production of flagella and motility.
Identification of impaired FlgS production as the cause of the non-motile phenotype in the variants
To identify genes with mutations that resulted in lack of expression of s 54 -dependent flagellar genes in the variants, a complementation procedure using chromosomal DNA from a darkhelmet transposon mutant library of wildtype C. jejuni 81-176 was employed (see Experimental Procedures for details). After uptake and recombination of exogenous DNA, two transformants of the DRH665 5W2 non-motile variant were isolated that had acquired a transposon-linked DNA fragment that restored expression of the flaB::astA transcriptional fusion (data not shown). Both transformants were found to have a transposon insertion at a different location within cjj81176_0815 (Fig. 3A) . This gene is immediately downstream of flgS which encodes the cognate sensor histidine kinase for FlgR (Parkhill et al., 2000; Hendrixson and DiRita, 2003; Wosten et al., 2004; Fouts et al., 2005; Joslin and Hendrixson, 2008) . Thus, these findings suggest that the DRH665 5W2 variant may have lacked FlgS and recovered expression of flaB::astA by transformation with a wild-type flgS allele. :astA) , and the non-motile variants DRH665 5W2, DRH665 5W6 and DRH665 10W1, and their associated in vitro-isolated revertants. c. At least one of the three tested samples had a value below the limit of detection of the assay which was 0.6 arylsulfatase units.
Immunoblotting analysis of proteins from whole-cell lysates (WCL) was performed to determine if FlgS production was impaired in the original DRH665 5W2 non-motile variant. FlgS appears as a 38 kDa protein in wild-type DRH665 (Fig. 3B) . No FlgS production was observed in DRH665 5W2, similar to DRH939 (an isogenic mutant of DRH665 lacking flgS) (Hendrixson and DiRita, 2003) . Furthermore, FlgS was also absent in the DRH665 5W6 and DRH665 10W1 non-motile variants, indicating that these variants were also defective for production of FlgS (Fig. 3B) . In all the in vitro-isolated revertants associated with each non-motile variant, production of FlgS was restored, which correlated with their flagellar motility and gene expression phenotypes (Fig. 3B ). Other than in DRH665 5W6 rev5, the size of FlgS in the revertants was equivalent to wild-type FlgS. (Hendrixson, 2006) . Arrow indicates FlgR.
To determine the genetic basis for the lack of FlgS production, the flgS sequences from the non-motile variants and their associated revertants were analysed. Three different mutations were found to occur in the variants. The first mutation represented by the flgS allele of DRH665 5W2 occurs within the first 203 bases of the flgS coding sequence (Fig. 3A) . This region of flgS contains a poly A tract of seven nucleotides beginning at base 197. In DRH665 5W2, a six-member poly A tract was present that shifted the coding sequence of the gene out-of-frame to create a premature stop codon 29 bases downstream of the homopolymeric tract (Fig. 4A) .
The second type of mutation occurring within flgS was found in the variant DRH665 10W1. A four-member poly A tract within the coding sequence of wild-type flgS begins at base 268 (Fig. 3A) . In DRH665 10W1, a single nucleotide within this homopolymeric tract was lost to result in a shift of the coding sequence to create a premature stop codon 40 bases downstream of poly A tract (Fig. 4B) . The FlgS products of DRH665 5W2 and DRH665 10W1 are likely unstable as no truncated FlgS protein could be detected in these variants (Fig. 3B) .
The type of mutation occurring in DRH665 5W6 was different from those of DRH665 5W2 and DRH665 10W1. In this non-motile variant, the flgS allele had lost one unit of a heteropolymeric nucleotide repeat at the 3′ end of the flgS coding sequence. Fifteen bases before the stop codon of flgS, two heteropolymeric repeat units consisting of the sequence ACCTT are present (Fig. 3A) . In DRH665 5W6, one repeat unit was missing to result in a frame shift that extends the coding sequence by 68 nucleotides after the original flgS stop codon (Fig. 4C ). This 21-amino-acid extension to the C-terminus of the translated FlgS protein appears to make the protein unstable as no FlgS in DRH665 5W6 was present by immunoblotting analysis (Fig. 3B) .
To ensure that these mutated flgS alleles were solely responsible for the non-flagellated, non-motile phenotypes observed in the variants, wild-type flgS in C. jejuni 81-176 Sm R and 81-176 Sm R DastA flaB::astA was replaced with the flgS5W2, flgS5W6 or flgS10W1 alleles (see Experimental Procedures for details). The resulting mutants were defective for flagellar gene expression, biosynthesis and motility, identical to the phenotypes of the original variants (data not shown). Thus, the phenotypes of the original variants can be attributed to the mutated flgS alleles.
Multiple mutational events restored FlgS production in in vitro-isolated revertants
Analysis of the flgS sequences of the in vitro-isolated revertants associated with each non-motile variant revealed multiple mutational strategies to restore FlgS production. These revertants can be categorized into two different classes based on these mutational strategies.
Class I revertants had undergone one of four different intragenic mutational mechanisms in flgS to restore FlgS production. One mechanism typical of phase variation was observed in the seven in vitro-isolated revertants of DRH665 5W2. Six of these phase 'on' revertants (represented by DRH665 5W2 rev1) correctly repaired flgS by inserting an adenine into the affected poly A tract (extending it from six to seven nucleotides) so that the wild-type flgS sequence was restored (Fig. 4A) . The other phase 'on' revertant, DRH665 5W2 rev5, deleted two adenine residues of the poly A tract, thereby creating a homopolymeric tract of four nucleotides to result in a FlgS amino acid sequence lacking one residue, K67. A. Diagram of the flgS-cjj81176_0815 locus and the location of the three identified homopolymeric or heteropolymeric tracts within flgS. The boxed sequences represent the tracts affected by mutation. Numbers represent the location of the nucleotides beginning and ending each tract with respect to the start codon of flgS. Lollipops represent location of darkhelmet transposon insertions in transformants recovered from chromosomal complementation studies to identify DNA fragments containing a wild-type copy of gene originally mutated in the DRH665 5W2 non-motile variant. B. Immunoblot analysis of FlgS production in whole-cell lysates (WCL) of wild-type C. jejuni, non-motile variants, and in-vitro isolated revertants. Arrows indicate FlgS proteins. Immunoblotting was performed with a-FlgS antisera (Hendrixson, 2006 A second intragenic mutational strategy was represented by DRH665 10W1 rev4. In this revertant, a secondsite intragenic reversion had occurred by insertion of a single thymine residue after the poly A tract in flgS to restore FlgS production with a single amino acid change of the isoleucine residue at position 90 to a phenylalanine (Fig. 4C) .
The third type of mutational event of class I revertants represented by DRH665 10W1 rev3 and DRH665 5W6 rev7B involved insertion of a DNA repeat within flgS. In DRH665 10W1 rev3, a 17-base sequence immediately after the poly A tract was repeated to result in an insertion of seven amino acids within FlgS (Fig. 4B) . Similarly, the reversion of flgS in DRH665 5W6 rev7B was due to insertion of a 26-base sequence at the 3′ end of the flgS5W6 allele (Fig. 4C) .
The last type of mutational event of the class I revertants represented by DRH665 5W6 rev3, rev5 and rev7A involved deletion of DNA after the last remaining heteropolymeric nucleotide repeat unit of the flgS5W6 allele.
These deletions removed 167-368 bases downstream of the repeat unit to cause a replacement of amino acid sequences at the C-terminus of FlgS. These altered C-termini appeared to stabilize the respective FlgS proteins as the proteins were visible at wild-type levels in immunoblots (Fig. 3B ). In DRH665 5W6 rev5, the deletion caused an in-frame fusion to the downstream gene, cjj81176_0815, resulting in the translation of a chimeric FlgS-0815 protein with predicted size of 77 kDa. The larger form of FlgS observed in this revertant appeared to be of similar size, indicating that the chimeric protein is produced and stable (Fig. 3B ).
All FlgS proteins resulting from the reversion mechanisms described above, other than those of phase variation, had changes in the amino acid sequence of the protein. Despite these relatively minor changes ( Fig. 4B and C), the FlgS proteins were able to promote wild-type levels of expression of s 54 -dependent flagellar genes, motility and flagellar biosynthesis in the revertants (Table 1 and Fig. 1B 
-E).
Class II revertants, represented by DRH665 5W6 rev4 and DRH665 5W6 rev8, likely had extragenic mutations in the chromosome. These revertants did not change the flgS allele present in the parental DRH665 5W6 nonmotile variant but FlgS was produced at similar levels to wild-type DRH665 (Fig. 3B) . However, the strains were wild type for expression of s 54 -dependent flagellar genes, motility and flagellar biosynthesis (Table 1, Fig. 1C and E). To determine if expression of flaB::astA was dependent on FlgS and FlgR in the revertants, the chromosomal copies of flgS and flgR were insertionally inactivated in the revertants. The resulting flgS or flgR mutants were each reduced over 300-fold for production of arylsulfatase from the flaB::astA transcriptional fusion compared with the isogenic parental revertants, demonstrating that the regulatory cascade involving the FlgSR two-component system was intact and required for expression of s 54 -dependent flagellar genes (data not shown). Thus, these findings suggest that one or more extragenic mutations have occurred within other genes encoding proteins that allow for the production of FlgS with an altered C-terminus encoded by the flgS5W6 allele. These mutations remain to be identified and characterized.
A specific point mutation in flgR was the result of an extragenic mutational event in in vivo-isolated revertants
A previous study showed that phase variation of FlgR production from the non-motile, non-flagellated phase 'off' state to the motile, flagellated phase 'on' state in C. jejuni occurs in vivo during commensal colonization of the gastrointestinal tract of chicks (Hendrixson, 2006) . A similar study was performed to determine if restoration of FlgS production could also occur in the non-motile variants during infection of chicks. One-day-old chicks were orally gavaged with wild-type DRH665 or the nonmotile variants DRH665 5W2 and DRH665 5W6 and the C. jejuni from the chick caeca were isolated at days 1, 7 and 14 post-infection. Bacteria were recovered on selective agar containing X-S to enumerate C. jejuni colonizing the caeca and determine the ratio of C. jejuni expressing s 54 -dependent flagellar genes (blue colony phenotype, AstA + ) versus not expressing these genes (white colony phenotype, AstA -). At day 1 post infection, wild-type DRH665 and the non-motile variants displayed a similar colonization capacity despite the different motility phenotypes (Fig. 5) . However, by day 7 post-infection, both variants demonstrated 300-to 5000-fold reduced colonization capacities compared with the wild-type strain. These results support previous findings that motility is not absolutely necessary for initial colonization events but is required for maintaining high levels of colonization of C. jejuni in the caeca (Hendrixson, 2006) . By day 14 of infection, the variants encoded by this region is shown below the DNA sequence. The sequence of the same region from the DRH665 10W1 non-motile variant and the DRH665 10W1 rev3 and DRH665 10W1 rev4 revertants is shown. The nucleotide or nucleotide repeat inserted in each revertant is shown in bold. The repeats in the flgS sequence of DRH665 10W1 rev3 are bracketed. Amino acid changes within FlgS affected by variation and reversion for each strain are shown in bold. C. Variable region associated with DRH665 5W6 non-motile variants and revertants. The nucleotide sequence between bases 985 and 1020 of flgS and downstream nucleotides for wild-type C. jejuni 81-176 and DRH665 (81-176 Sm R DastA flaB::astA) is shown at top with correct heteropolymeric repeat tract (boxed). The segment of the proteins (amino acids 330-340) encoded by this region is shown below the DNA sequence. The sequence of the same region from the DRH665 5W6 non-motile variant and the DRH665 5W6 rev3, rev5, rev7A and rev7B revertants is shown. The point and length of the nucleotide sequences deleted in the DRH665 5W6 rev3, rev5 and rev7A revertants is shown. The nucleotide repeat inserted in DRH665 5W6 rev7B is indicated and the repeats are bracketed. Amino acid changes within FlgS of DRH665 5W6 and the revertants are shown in bold. For A-C, the type of mutational event that restored FlgS production in each revertant is indicated in bold type directly above the end of the nucleotide sequence for each.
continued to exhibit large colonization defects compared with the wild-type strain (Fig. 5) . Furthermore, in three chicks infected with the DRH665 5W6 non-motile variant, no C. jejuni could be recovered from the caeca of chicks. The mean colonization capacity of wild-type DRH665 at days 7 and 14 was significantly different from those of the variants (P-value < 0.05).
All wild-type DRH665 isolates recovered from the caeca of chicks at all time points were positive for s 54 -dependent flagellar gene expression by producing arylsulfatase from the flaB::astA transcriptional fusion and the blue colony phenotype. All DRH665 5W2 and DRH665 5W6 isolates recovered from the chicks at days 1 and 7 post-infection remained negative for expression of s 54 -dependent flagellar genes. However, at day 14 post-infection, reversion of the variants had occurred in some of the chicks. In three chicks infected with DRH665 5W2, 0.3%, 87.3% and 87.5% (with DRH665 5W2 rev8, rev9 and rev10 as representative isolates, respectively) of the recovered C. jejuni displayed the blue colony phenotype and thus, expressed s 54 -dependent flagellar genes (Fig. 5) . In one of the chicks infected with DRH665 5W6 at day 14 post infection, 98.1% of the bacteria recovered (with DRH665 5W6 rev10 as a representative isolate) displayed the blue colony phenotype.
The in vivo-isolated revertants were then analysed for flagellar gene expression, motility and biosynthesis. Even though the revertants had a level of motility comparable to wild-type DRH665 in agar plates in vitro (Fig. 6A) , darkfield microscopy revealed differences in the number of motile bacteria between the strains. Approximately 85% of the population of wild-type bacteria showed rapid, darting motility, but only 15% of the in vivo-isolated revertants showed similar motility with the remainder being nonmotile (data not shown). Further analysis of the revertants revealed that the strains were only restored for expression of flaB::astA to a level approximately 25-30% of that of wild-type DRH665 (Table 2) . Electron microscopy was then employed to analyse any defects in flagellar biosynthesis in the in vivo-isolated revertants. Unlike wild-type DRH665, which produced a single flagellum at one or both poles of the bacterium, these in vivo-isolated revertants rarely produced two flagella per bacterium. Instead, the bacteria most often produced a single flagellum or no :astA) , and the non-motile variants DRH665 5W2 and DRH665 5W6, and their associated in vivo-isolated revertants. c. At least one of the three tested samples had a value below the limit of detection of the assay which was 0.6 arylsulfatase units. flagella ( Fig. 6C ; data not shown). For a more accurate measurement of flagellar biosynthesis, over 120 individual bacteria of wild-type DRH665 or the in vivo-isolated revertants were examined by electron microscopy to determine the number of flagella produced by each bacterium. For wild-type DRH665, over 48% of individual bacteria produced two flagella, 41% produced one flagellum and fewer than 10% produced no flagella (Table 3) . However, a large majority (> 81% of the population) of each in vivo-isolated revertant produced no flagella, with approximately 11-17% of the remaining population producing one flagellum. Fewer than 2% of each revertant produced two flagella. Thus, the reduced restoration of s isolated revertants may have hindered the ability of these bacteria to produce normal numbers of flagella, thereby reducing the number of motile bacteria.
The DRH665 5W2 rev8, DRH665 5W2 rev9, DRH665 5W2 rev10 and DRH665 5W6 rev10 revertants were then analysed for production of FlgS. Unlike the in vitroisolated revertants, immunoblotting analysis was unable to detect FlgS in these strains (data not shown). Furthermore, the flgS alleles of these revertants had not changed and were identical to the flgS alleles of the parental DRH665 5W2 or DRH665 5W6 non-motile variants (data not shown). Thus, these strains appeared to have undergone extragenic mutations that allow for expression of s 54 -dependent flagellar genes in the absence of FlgS. The in vivo-isolated revertants were then examined for FlgS or FlgR dependency of expression of the flaB::astA transcriptional fusion. To this end, the chromosomal copies of flgS or flgR in these bacteria were replaced with respective insertionally inactivated flgS or flgR alleles. As shown in Table 4 , insertional inactivation of flgR caused over 25-to 600-fold reductions in production of arylsulfatase from the flaB::astA transcriptional fusion compared with the parental revertants. However, insertional inactivation of flgS in the revertants did not cause similar decreases. These data demonstrate that expression of s 54 -dependent flagellar genes in the in vivo-isolated revertants occurs by a FlgR-dependent, FlgS-independent mechanism.
The sequences of the flgR alleles of the in vivo-isolated revertants were then examined. Each flgR allele in these revertants was found to have undergone an identical mutation at nucleotide 1145 within flgR. This mutation resulted in a G to A switch resulting in substitution of a lysine for an arginine at position 382 of FlgR. The flgRR382K mutation appeared to create a FlgR mutant protein that was stable and produced at similar levels as wild-type FlgR in WCL of C. jejuni as observed by immunoblot analysis (data not shown).
R382 of FlgR is the first amino acid of the C-terminal domain of FlgR. This domain has been hypothesized to prevent phosphorylation of FlgR by non-FlgS sensor kinases or phosphodonors present in C. jejuni so that FlgR is only specifically modified by FlgS (Joslin and Hendrixson, 2008) . Deletion of this domain results in a FlgR protein that can partially activate expression of s 54 -dependent flagellar genes in the absence of FlgS. Thus, the production of FlgR R382K in these in vivo-isolated revertants may mimic FlgR lacking the C-terminal domain and cause partial constitutive activation of the protein in the absence of FlgS.
To test this hypothesis, flgS mutants of C. jejuni 81-176 Sm R were manipulated to replace wild-type flgR with the flgR5W6rev10 allele that encodes the FlgR R382K protein of DRH665 5W6 rev10. DRH460 (81-176 Sm R DflgS) contains an in-frame deletion of the flgS coding sequence from the chromosome whereas DRH2724 (81-176 Sm R DastA flgS5W6 flaB::astA) has had wild-type flgS replaced with the flgS allele from the non-motile variant DRH665 5W6. DRH2724 also lacks native astA so that expression of the s 54 -dependent flaB::astA transcriptional fusion can be analysed in this strain. Both the deletion of flgS in DRH460 and the expression of the flgS5W6 allele in DRH2724 caused the lack of production of FlgS resulting in a non-motile, non-flagellated phenotype ( Fig. 6B ; data not shown). Even though wild-type FlgR is produced in these mutant strains, it is inactive presumably because of the absence of phosphotransfer from FlgS (data not shown) (Joslin and Hendrixson, 2008) . Replacement of flgR with the flgR5W6rev10 allele allowed for restoration of motility in both types of flgS mutants (Fig. 6B) . When individual bacteria were examined for the number of flagella produced, no flagella were produced in strains lacking FlgS with production of wild-type FlgR, as expected (Table 3) . However, replacing wild-type flgR with flgR5W6rev10 in a DflgS or flgS5W6 mutant resulted in about 1-2% of bacteria producing two flagella and 9-11% of bacteria producing one flagellum (Table 3 ). This partial restoration of flagellar motility and biosynthesis in these mutants containing flgR5W6rev10 in the absence of FlgS is similar to what was observed in the in vivo-isolated revertants.
The expression of the flaB::astA transcriptional fusion was then analysed in these strains. Only baseline levels of expression of the flaB::astA transcriptional fusion were observed in 81-176 Sm R DastA flgS5W6 flaB::astA (DRH2737), which lacks production of FlgS to activate wild-type FlgR (Table 5 ). However, coexpression of flgS5W6 with flgR5W6rev10 resulted in a greater than 400-fold increased level of expression of the flaB::astA transcriptional fusion (Table 5 ). This fold increase in the level of expression of flaB::astA was comparable to the partial restoration of expression of the transcriptional fusion observed in the in vivo-isolated revertants compared to the original non-motile variants (Table 2) . Thus, the extragenic mutational event in the in vivo-isolated revertants that resulted in production of FlgR R382K resulted in a FlgR mutant protein that is partially constitutively active in the absence of wild-type flgS. Therefore, these data suggest that FlgR R382K can partially suppress the flgS mutation of the original variants.
Discussion
Flagellar motility is one of the most important virulence and colonization factors of C. jejuni, required for promoting colonization of the intestinal tract of human and avian hosts (Black et al., 1988; Nachamkin et al., 1993; Wassenaar et al., 1993; Hendrixson and DiRita, 2004; Wosten et al., 2004; Hendrixson, 2006) . C. jejuni has developed a complex regulatory cascade involving the FlgSR twocomponent system, the flagellar export apparatus and the FlhF accessory protein to control expression of a subset of flagellar genes encoding components of the basal body and hook (Hendrixson and DiRita, 2003; Hendrixson, 2008) . The regulatory processes governing transcriptional control of these genes most likely ensure correct temporal expression so the encoded proteins are secreted and interact in a defined order for proper biogenesis of the flagellar organelle.
Like other bacteria, C. jejuni must ensure that detrimental mutations within the coding sequence of genes for virulence and colonization factors do not occur when these proteins are needed to interact with a host. When mutations do occur, the bacterium must be able to repair these sequences to initiate and maintain infection. The importance of this feat is heightened in C. jejuni which evidently lacks a typical mismatch repair system usually present in bacteria to lessen the frequency of spontaneous mutations (Parkhill et al., 2000; Fouts et al., 2005) . A minimally functioning mismatch repair system to correct DNA replication errors consists of the MutS, MutH and MutL proteins (Kunkel and Erie, 2005) . Similar to Helicobacter pylori, the genome sequences of C. jejuni strains lack mutH and mutL (Tomb et al., 1997; Alm et al., 1999) . The MutS proteins of C. jejuni and H. pylori are homologous to the proteins of MutS2 family (Eisen, 1998) . MutS in H. pylori has been shown to function in repairing DNA after oxidative damage rather than in mismatch repair (Wang et al., 2005) . As C. jejuni most likely lacks a typical mismatch repair system, spontaneous mutations may occur with increased frequency, contributing to a hypermutator phenotype. Experimental evidence from a collection of Campylobacter isolates suggests that a majority of strains possess an appreciable hypermutator phenotype (Hanninen and Hannula, 2007) . Hypermutation may be important for the bacterium in generating diversity which can contribute to differential production or structural variability of virulence and colonization factors so that the population as a whole has an advantage in maintaining prolonged colonization of a host. Much diversity in glycosylation of lipooligosaccharide (LOS), capsular polysaccharide and protein glycosylation has already been shown for C. jejuni strains (Bacon et al., 2001; Guerry et al., 2002; Logan et al., 2002; Szymanski et al., 2003; Karlyshev et al., 2005a,b; Godschalk et al., 2007) .
However, having a natural hypermutator phenotype can lessen the fitness of a bacterium if the mutation rate is too high to maintain correct production of proteins so that the bacterium can maintain a niche in a host or environment. Shown both previously and in this study, naturally occurring spontaneous mutations in genes such as flgS and flgR abolish flagellar biosynthesis and motility in C. jejuni, which reduce the colonization capacity of the bacterium for the natural avian host (Hendrixson, 2006) . Thus, C. jejuni must be able to overcome genetic lesions that impede production of these elements.
Phase variation is one genetic mechanism frequently employed by C. jejuni to randomly and reversibly control expression and production of important virulence and colonization factors such as LOS glycosylation, motility and capsular polysaccharide production (Caldwell et al., 1985; Nuijten et al., 1989; Linton et al., 2000; Bacon et al., 2001; Guerry et al., 2002; Szymanski et al., 2003; Prendergast et al., 2004; Karlyshev et al., 2005a; Hendrixson, 2006) . This work revealed that in addition to FlgR, production of the cognate sensor kinase FlgS is also controlled by random and reversible mutational mechanisms. Mutations were found in repeating homopolymeric or heteropolymeric tracts within the flgS coding sequence that affected translation of FlgS and, consequently, downstream regulatory events required for s 54 -dependent flagellar gene expression and flagellar motility. In some cases, repair of flgS occurred by a mechanism common to phase variation, where the mutated homopolymeric tract that had originally lost a nucleotide to shift the coding sequence out-of-frame regained a nucleotide to set the coding sequence back to its wild-type state, ultimately restoring flagellar motility. However, this phasevariable mechanism was only one of many different mechanisms identified that restored expression of flagellar genes and production of flagella. Additional mechanisms included intragenic and extragenic mutations relative to flgS. Intragenic mutational events included second-site reversions and insertion and deletion of sequences to restore the flgS coding sequence so that a functional protein is produced. Extragenic mutations included one that specifically affected flgR to produce a partially constitutively active response regulator that functions in the absence of FlgS. Thus, a vast array of mutational and recombinational events can repair genetic lesions in flgS to restore motility to the organism.
The FlgSR system continues to represent an unusual regulatory network in bacteria. Having a two-component regulatory system which is controlled by phosphorelay to govern expression of flagellar genes is typical of many different motile bacteria (Ritchings et al., 1995; Klose and Mekalanos, 1998; Spohn and Scarlato, 1999; Correa et al., 2000; Prouty et al., 2001; Dasgupta et al., 2003; Brahmachary et al., 2004; Niehus et al., 2004) . However, C. jejuni has placed another independent level of control involving phase variation to influence production of both FlgS and FlgR. In the literature, only the bacterial sensor histidine kinase BvgS of Bordetella pertussis has been shown to undergo phase-variable production (Stibitz et al., 1989) . Evidence also suggests that AgrA of Staphylococcus aureus may undergo phase variation to affect its activity as a response regulator (Traber and Novick, 2006) . However, having both the sensor kinase and response regulator components of a single twocomponent system be controlled by phase variation in addition to phosphorelay makes the FlgSR system truly unique among all currently studied systems. While the reasons for this additional control are not fully defined, one hypothesis for this feature suggests that having FlgS or FlgR under control of phase variation may make the bacterium more diverse as a population when expression of both the non-motile, non-flagellated and the motile, flagellated phenotypes is advantageous in different host or environmental settings.
One mutational strategy to restore flagellar gene expression in a flgS variant was specific for in vivoisolated revertants. This mechanism involved an extragenic mutation at a specific nucleotide in flgR to result in the production of the FlgR R382K mutant protein. This specific mutation in four separate in vivo-isolated revertants is curious because it occurs at the first residue of a domain that has been implicated in controlling FlgR activation (Joslin and Hendrixson, 2008) . As reported in this work, the FlgR response regulator can be divided into three different domains based on homology to other NtrClike transcriptional regulators. The C-terminal domain of FlgR is unusual in that it appears to not contain a typical DNA-binding domain but rather functions to prevent phosphorylation of FlgR by non-FlgS sensor kinases or small phosphodonors in C. jejuni. Removal of this domain allowed the mutated FlgR protein (FlgR DCTD) to partially stimulate expression of s 54 -dependent flagellar genes in a FlgS-independent manner (Joslin and Hendrixson, 2008) . However, activity of FlgR DCTD was found to still depend on phosphorylation. Thus, FlgR DCTD appears to be phosphorylated by other kinases or phosphodonors in the absence of FlgS, whereas the full-length wild-type FlgR protein remains inactive without FlgS. The FlgR R382K protein in the in vivo-isolated revertants appears to function similarly as this FlgR DCTD protein (Joslin and Hendrixson, 2008) . FlgR R382K is able to partially activate expression of s 54 -dependent flagellar genes and restore flagellar biosynthesis and motility to a flgS variant, a DflgS mutant or a reconstructed flgS mutant expressing the flgS5W6 allele. Thus, the extragenic mutational mechanism to generate this version of FlgR in vivo naturally created a FlgR protein with a presumably inactive C-terminal domain so that it functions without wild-type FlgS. Further biochemical analyses are required to determine if this mutation does indeed inactivate the C-terminal domain to cause the apparent partial constitutive activation of the protein. Identification of this flgR allele in the in vivo-isolated revertants suggests that alteration of the C-terminal domain of FlgR can occur in in vivo settings to ultimately impact the behaviour of the bacterium significantly in its flagellar gene expression, flagellar biosynthesis and colonization capacity. The kinase or phosphodonor that may be used to modify FlgR R382K through phosphorylation remains to be identified.
This study has also revealed that additional unidentified components that influence the FlgSR system exist. Previous to this study, it was hypothesized that the flagellar export apparatus and FlhF may influence signalling events to result in autophosphorylation of FlgS to begin the phosphorelay that terminates in activation of FlgR for expression of s 54 -dependent flagellar genes (Hendrixson and DiRita, 2003) . In the present study, two different classes of revertants were identified that contained extragenic mutations to influence activation of the FlgSR system. As discussed above, extragenic mutations that resulted in formation of FlgR R382K that can function in the absence of FlgS suggest that another unidentified kinase or a small phosphodonor can be used to phosphorylate and activate FlgR. In addition, two in vitro-isolated revertants, DRH665 5W6 rev4 and DRH665 5W6 rev8, were found to produce FlgS with the flgS5W6 allele. This allele fails to produce FlgS in the parental DRH665 5W6 strain. Thus, the isolated revertants of DRH665 5W6 may have undergone an extragenic mutation in a gene that allows FlgS produced from the flgS5W6 allele to be stable or in a gene whose inactivation may eliminate a component such as a protease that normally degrades improperly formed FlgS. Identification of this type of factor will be pursued in future research activities using transposon mutagenesis screens and other genetic approaches.
One finding uncovered in the in vivo-isolated revertants is that the FlgR R382K mutant protein in the absence of FlgS only partially restored flagellar biosynthesis (as measured by counting the number of flagella on individual bacteria) to a small portion of the population. One reason for the decreased flagellar numbers may be due to the observation that expression of one s 54 -dependent flagellar gene, flaB, in the revertants was only about 25% of the level seen in the wild-type strain. Mutations that reduce but not abolish the number of flagellar organelles have not been appreciated before in C. jejuni. Identification of this type of mutation may have implications for understanding how the level of expression of s 54 -dependent flagellar genes directly contributes to the efficiency of flagellar biosynthesis and flagellar numbers.
One of the sites of mutation within flgS that contributed to variation was a homopolymeric tract consisting of adenine residues. Until recently, phase variation in C. jejuni strains was largely assumed to occur in homopolymeric G tracts owing to their infrequent occurrence in the bacterial genomes, which has an average A + T content of over 69% (Parkhill et al., 2000; Fouts et al., 2005) . Indeed, poly G tracts have been found in genes in some phase-variable loci, and at least one of these tracts has been shown to contribute to phase variation of LOS (Linton et al., 2000) . This work, along with the previous work analysing phase variation of FlgR production, has found that poly A and poly T tracts are responsible for phase variation of flagellar biosynthesis and motility (Hendrixson, 2006) . In addition, one poly A tract in flgS that also showed spontaneous mutation and reversion by intragenic mutational events other than phase variation consisted of only four residues. As the genome of C. jejuni is rich in adenine and thymine residues, this work demonstrates that many more sites in the bacterial genome may be subject to phase variation and random mutation, thereby potentially creating much more diversity in C. jejuni than previously appreciated. Furthermore, this work emphasizes the care that may need to be performed with the passage and manipulation of C. jejuni strains in vitro to prevent spontaneous deleterious mutations from occurring in genomes to affect other phenotypes of strains being analysed.
Genetic analysis of production of virulence and colonization factors in C. jejuni continues to reveal multiple and complex mechanisms that converge to control production of these proteins. This work sheds light into the types of mutational mechanisms of C. jejuni that repair and maintain production of one such virulence and colonization factor, flagellar motility. The lack of a mismatch repair system in C. jejuni would seem to increase the chances of detrimental mutations occurring in factors required by the bacterium for growth in certain environments or hosts to ultimately decrease the fitness of the bacterium for these niches. However, C. jejuni is a successful pathogen of humans and is rampant in agriculture where it is able to colonize the intestinal tract of different types of livestock. Thus, C. jejuni appears to balance a potential hypermutator phenotype that may increase mutations to affect production of important virulence and colonization factors with varied mutational strategies to overcome such detrimental mutations. Further investigation of other known variably produced virulence and colonization factors of C. jejuni will determine if a variety of mutational events are also in place to restore production of these proteins and contribute to the understanding of how this potential hypermutator maintains genome stability while promoting optimal fitness for various niches.
Experimental procedures
Bacterial strains and growth conditions
All C. jejuni strains used in this study are derived from strain 81-176, a clinical isolate that has been shown to cause disease in humans and promote commensal colonization of the gastrointestinal tract of chickens (Korlath et al., 1985; Black et al., 1988; Hendrixson and DiRita, 2004; Hendrixson, 2006; Bingham-Ramos and Hendrixson, 2008 (Hendrixson et al., 2001; Hendrixson and DiRita, 2003) . DRH939 is a derivative of 81-176 Sm R DastA DflgS (DRH911) which contains the flaB::astA transcriptional fusion (Hendrixson and DiRita, 2003) . C. jejuni was routinely grown on MH agar containing 10 mg ml -1 trimethoprim (TMP) at 37°C in microaerobic conditions (10% CO2, 5% O2, and 85% N2). When necessary, antibiotics or other compounds were used during growth at the following concentrations: kanamycin, 100 mg ml -1 ; chloramphenicol, 15 mg ml -1 ; cefoperazone, 30 mg ml -1 ; streptomycin, 0.5, 1, 2 or 5 mg ml -1 ; and 5-bromo-4-chloro-3-indolyl sulphate (X-S), 35 mg ml -1 . All C. jejuni strains were stored at -80°C in a solution of 85% MH broth and 15% glycerol. Escherichia coli DH5a was cultured in Luria-Bertani (LB) agar or broth with one or more antibiotics added at the following concentrations as necessary: ampicillin, 100 mg ml -1 ; kanamycin, 100 mg ml -1 ; and chloramphenicol, 15 mg ml -1 . All E. coli strains were stored at -80°C in a solution of 80% LB and 20% glycerol.
Isolation of spontaneous, non-motile variants lacking expression of s
54
-dependent flagellar genes DRH665 was grown from frozen stocks on MH agar containing TMP under microaerobic conditions for 48 h at 37°C. Colonies were restreaked and grown for 16 h in microaerobic conditions at 37°C. Bacteria were suspended from agar plates and diluted to OD600 0.4, diluted 1500-fold, and 67.5 ml were spread on MH agar containing kanamycin and X-S in 150 mm Petri dishes. After incubation for 3-5 days under microaerobic conditions at 37°C, colonies displaying the white colony phenotype (AstA -) were identified, restreaked and grown for storage as frozen stocks.
Immunoblot analysis
Whole-cell lysates of C. jejuni strains were prepared by growing strains from frozen stocks on MH agar with TMP in microaerobic conditions for 48 h at 37°C. Bacteria were restreaked, grown in microaerobic conditions at 37°C for 16 h, and then resuspended from agar plates in MH broth. Samples were diluted to OD600 0.9 and 1 ml aliquots of each sample were centrifuged at 13 000 r.p.m. for 3 min. Samples were washed once with PBS and then suspended in 50 ml of 1X Laemmli buffer. To detect FlgR by immunoblotting, 4 ml of each sample were separated by 10% SDS-PAGE. Similar electrophoresis with 7.5 ml of each sample was used to detect FlgS. Immunoblot analyses were performed using a 1:5000 dilution of a-FlgR Rab13 or 1:3500 dilution of a-FlgS Rab11 (Hendrixson, 2006) , followed by a 1:5000 dilution of horseradish peroxidase-conjugated goat a-rabbit secondary antibody (Bio-Rad).
Motility assays and transmission electron microscopy
Campylobacter jejuni strains were grown from frozen stocks on MH agar with TMP in microaerobic conditions at 37°C for 48 h. Strains were restreaked and grown for an additional 16 h in microaerobic conditions at 37°C. Strains were washed from plates in MH broth and diluted to OD 600 1.0. For motility assays, strains were stabbed into semi-solid MH agar plates containing 0.4% agar as previously described (Hendrixson et al., 2001) . Motility phenotypes were observed 25-30 h after incubation in microaerobic conditions at 37°C. For direct observation of motile bacteria, bacterial cultures were grown as described above but diluted to OD600 0.75. A 10-fold dilution of each culture was then made in MH broth. Ten microlitres of each culture were placed on a glass slide and topped with a glass coverslip. Bacteria were then visualized under 400¥ magnification using an Olympus BH2 darkfield microscope. For transmission electron microscopy, 1 ml samples of bacteria were centrifuged at 13 000 r.p.m. for 3 min and resuspended in 2% glutaraldehyde. After incubation on ice for 1 h, samples were stained with 1% uranyl acetate and visualized with a FEI Technai G2 Spirit BioTWIN transmission electron microscope.
Arylsulfatase assays
Arylsulfatase assays were performed as previously described (Hendrixson and DiRita, 2003) , which was based on previously established methods (Henderson and Milazzo, 1979; Yao and Guerry, 1996) . C. jejuni strains were grown from frozen stocks on MH agar in microaerobic conditions at 37°C for 48 h. Strains were restreaked on MH agar and grown at 37°C for 16 h in microaerobic conditions. Strains were washed from plates with PBS and diluted to an absorbance at OD600 0.6-1.0, washed once in assay buffer, and then incubated with 10 mM nitrophenylsulphate and 1 mM tyramine at 37°C for 1 h. After termination of the reactions with NaOH, the amount of nitrophenol released in each sample was determined by measuring the absorbance at OD410 of each sample. Values were compared with a standard curve of OD410 readings of known nitrophenol concentrations to determine the number of arylsulfatase units produced by each strain. One arylsulfatase unit is defined as the amount of enzyme catalysing the release of 1 nmol of nitrophenol per hour per OD600 unit. Each strain was tested in triplicate and each assay was performed three times.
Construction of the darkhelmet transposon and the transposon mutant library of C. jejuni 81-176
The ori from pACYC184 (GenBank XO6403; bases 581-1493) was amplified by polymerase chain reaction (PCR) with oligonucleotides that added 5′ PstI and 3′ KpnI restriction sites to the amplified DNA (Chang and Cohen, 1978; Rose, 1988) . After digestion with PstI and KpnI, the ori was cloned into PstI-and KpnI-digested pEnterprise2 containing the picard transposon (Hendrixson and DiRita, 2003) . Successful cloning of the DNA allowed for insertion of the ori upstream of the chloramphenicol acetyltransferase (cat) gene within the transposon. The resulting plasmid and transposon were named pSpaceball1 and darkhelmet respectively.
Construction of a random transposon library of C. jejuni 81-176 with the darkhelmet transposon followed previously published protocols (Hendrixson et al., 2001; Hendrixson and DiRita, 2003; . Briefly, 12 in vitro transposon mutagenesis reactions were performed with each reaction consisting of 2 mg of chromosomal DNA from C. jejuni 81-176, 1 mg of pSpaceball1, and 250 ng of Himar1 C9 transposase purified from DH5a/pMalC9 (Akerley and Lampe, 2002) . After transposition, the transposed DNA was repaired and transformed into C. jejuni 81-176 as previously described (Hendrixson et al., 2001) . Transposon mutants were recovered after growth on MH agar containing chloramphenicol. After combining the transformants, a library containing approximately 24 000 transposon mutants was obtained.
DNA transformation for identification of the gene mutated in non-motile variants
Chromosomal DNA from the C. jejuni 81-176 darkhelmet transposon library was purified and 1 mg of the DNA was digested with 25 units of BglII in a 50 ml reaction for 16 h at 37°C. Ten additional units of BglII were added and the reaction was incubated an additional 3 h at 37°C. As BglII restriction sites are present frequently in the C. jejuni genome but absent from the darkhelment transposon, use of BglII to digest chromosomal DNA from the transposonmutant library allowed for DNA fragments of shorter lengths containing both the transposon and a wild-type copy of the gene of interest to be generated. Therefore, digestion with BglII increased the ease of finding the gene potentially affected by variation. For transformation, DRH665 5W2 was grown for 48 h from frozen stocks on MH agar containing TMP at 37°C under microaerobic conditions. The bacteria were restreaked and grown for an additional 16 h on MH agar with TMP under microaerobic conditions at 37°C. Bacteria were washed from plates and diluted in MH broth to an OD600 of 0.5. One millilitre of molten MH agar was added to each of five tubes. After solidification, the agar plugs were overlaid with 0.5 ml of bacterial suspension and the cultures were then incubated for 3 h at 5% CO2 at 37°C. Ten microlitres of the BglII-digested DNA (~0.2 mg) were added to each tube and the tubes were incubated for an additional 4 h at 5% CO2 at 37°C. Transformants were recovered on MH agar containing chloramphenicol and X-S after growth for 4 days under microaerobic conditions at 37°C. Approximately 10 000 colonies were recovered in all with two colonies displaying the blue colony phenotype. Chromosomal DNA from these transposon mutants, designated DRH665 5W2 darkhelmet6111 and DRH665 5W2 darkhelmet6122, was purified.
To identify the location of the transposon insertion, 2 mg of chromosomal DNA from DRH665 5W2 darkhelment6111 and DRH665 5W2 darkhelment6122 were digested with 100 units of BglII at 37°C overnight in a total volume of 100 ml. To ensure complete digestion, 20 units of BglII were added to each reaction and the reactions were incubated for another 2 h. Digestion with BglII allows for relatively short DNA fragments containing the entire transposon and flanking DNA sequences to be recovered by this plasmid rescue technique. After phenol/chloroform extraction and ethanol precipitation, digested DNA fragments were circularized with 400 units of T4 DNA ligase overnight at 16°C. The ligation reactions were ethanol precipitated and the DNA was then electroporated into DH5a. Transformants were recovered on LB agar containing chloramphenicol. Plasmid DNA was prepared from individual transformants and then sequenced with a primer annealing to the 3′ end and reading outward from the transposon. DNA sequences obtained were compared with the genomic sequence of C. jejuni 81-176 to determine the location of the transposon-chromosomal junction (Fouts et al., 2005) .
In vitro isolation of spontaneous motile revertants DRH665 5W2, DRH665 5W6 and DRH665 10W1 nonmotile variants were grown from frozen stocks on MH agar in microaerobic conditions at 37°C for 72 h. Ten to 16 individual colonies were stabbed into semi-solid MH agar and incubated in microaerobic conditions at 37°C for up to 7 days. For stabs that gave rise to spontaneous motile flares originating from the point of inoculation, an agar plug was obtained and vortexed with 1 ml of MH broth. Dilutions of the sample were plated on MH agar with TMP. After growth for 48 h in microaerobic conditions at 37°C, individual motile revertants were recovered from each flare. The flgS and flgR alleles from each revertant were amplified by PCR and sequenced.
Chick colonization assays
Oral infection with 1-day-old white leghorn chicks strain D was performed as previously described (Hendrixson and DiRita, 2003; Hendrixson, 2006) . Fertilized eggs (SPAFAS) were incubated in an egg incubator (Sportsman Incubator Model 1202; Georgia Quail Farms) for 21 days at 37.8°C with appropriate humidity and rotation of eggs until hatch. Approximately 12-24 h after hatch, chicks were orally infected with C. jejuni strains.
Campylobacter jejuni strains for infections were grown from frozen stocks on MH agar in microaerobic conditions at 37°C for 48 h. Bacteria were restreaked and grown on MH agar under microaerobic conditions at 37°C for 16 h. Strains were resuspended from plates in MH broth and diluted to OD600 0.4. Samples were diluted 1:5000 in PBS and 100 ml of the diluted sample (containing approximately 2 ¥ 10 4 cfu) were used to orally infect the 1-day-old chicks. Dilutions of each inoculum were plated on MH agar containing TMP to determine the actual number of bacteria used to infect chicks. Inocula were also grown on MH agar containing TMP and X-S to verify that all strains were in the same phase for FlgS production.
At days 1, 7 and 14 post infection, 5-10 chicks were sacrificed and the caecal contents were collected, weighed and suspended to a concentration of 0.1 g per millilitre PBS. Ten-fold serial dilutions of the caecal contents were spread on MH agar containing TMP and cefoperazone and on MH agar containing TMP, cefoperazone and X-S to enumerate C. jejuni in the caeca and determine the percentage of bacteria positive for expression of flaB::astA (displaying the AstA + , blue colony phenotype). Statistical analysis to determine the significance of differences in the colonization abilities of the wild-type and variants was determined by using the Mann-Whitney U-test.
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Construction of mutants with flgS alleles from in vitro-isolated, non-motile variants
The flgS alleles of the in vivo-isolated variants DRH665 5W2, DRH665 5W6 and DRH665 10W1 were amplified with oligonucleotides containing BamHI restriction sites at their 5′ ends. The amplified DNA contained the flgS coding sequence along with approximately 500 bases of upstream and downstream sequence. After cloning of the alleles into BamHIdigested pUC19, the plasmids were sequenced to ensure that the correct sequence was amplified and cloned. The correctly constructed plasmids included pDRH2672 (containing flgS5W2), pDRH2708 (containing flgS5W6) and pDRH2762 (containing flgS10W1).
For construction of C. jejuni 81-176 Sm R DastA strains containing alleles from the flgS variants, a strain containing flgS::cat-rpsL first had to be created. For this step, DRH461 (81-176 Sm R DastA) was electroporated with pDRH426 (containing flgS::cat-rpsL; Hendrixson and DiRita, 2003) Construction of flgR and flgS mutants in in vivo-and in vitro-isolated revertants DRH665 5W2 rev8, DRH665 5W2 rev9, DRH665 5W2 rev10, DRH665 5W6 rev4, DRH665 5W6 rev8 and DRH665 5W6 rev10 were electroporated with pDRH426 (containing flgS::cat-rpsL; Hendrixson and DiRita, 2003) and pDRH431 (containing flgR::cat-rpsL). pDRH431 was constructed by first digesting pDRH265 with SmaI to release a DNA cassette containing cat linked to a wild-type rpsL allele (Hendrixson et al., 2001 ). This SmaI fragment was then inserted into the PmeI site of flgR in pDRH428 to create pDRH431 (Hendrixson and DiRita, 2003) . C. jejuni transformants were recovered on MH agar with chloramphenicol after growth in microaerobic conditions at 37°C and screened by colony PCR to verify correct replacement of flgS with flgS::cat-rpsL or flgR with flgR::cat-rpsL on the chromosome.
Replacement of flgR with the flgR5W6rev10 allele in DflgS and flgS5W6 mutants
To clone the flgR allele from DRH665 5W6 rev10, chromosomal DNA was purified and used in PCR with primers to amplify a 3.2 kb DNA fragment with 5′ and 3′ BamHI restriction sites. After digestion with BamHI, the DNA fragment was ligated into BamHI-digested pUC19 to create pDRH2836.
To create the C. jejuni 81-176 DastA Sm R flgS5W6 flgR::cat-rpsL strain necessary for replacement of flgR with the flgR5W6rev10 allele, DRH2724 (81-176 DastA Sm R flgS5W6) was electroporated with pDRH443 (containing flgR::kan-rpsL) (Hendrixson and DiRita, 2003) . A correct transformant, DRH2851, was identified after growth on MH agar containing kanamycin. For construction of the final mutant, SNJ767 (81-176 Sm R DflgS flgR::kan-rpsL; Joslin and Hendrixson, 2008) and DRH2851 (81-176 Sm R DastA flgS5W6 flgR::kan-rpsL) were electroporated with pDRH2836. Tranformants were recovered on MH agar containing streptomycin and colony PCR was used to identify correct transformants. The flgR locus was sequenced from putative transformants to verify correct replacement of flgR::kan-rpsL with flgR5W6rev10. This approach allowed the recovery of DRH2853 (81-176 Sm R DflgS flgR5W6rev10) and DRH2861 (81-176 Sm R DastA flgS5W6 flgR5W6rev10). DRH2861 was then electroporated with pDRH610 to replace flaB with flaB::astA to create DRH2874.
